The superoxide-producing NADPH oxidase in phagocytes is crucial for host defence; its catalytic core is the membrane-integrated protein gp91
phox [also known as Nox2 (NADPH oxidase 2)], which forms a stable heterodimer with p22
phox . Activation of the oxidase requires membrane translocation of the three cytosolic proteins p47 phox , p67 phox and the small GTPase Rac. At the membrane, these proteins assemble with the gp91 phox -p22 phox heterodimer and induce a conformational change of gp91 phox , leading to superoxide production. p47 phox translocates to membranes using its two tandemly arranged SH3 domains, which directly interact with p22 phox , whereas p67 phox is recruited in a p47 phox -dependent manner. In the present study, we show that a short region N-terminal to the bis-SH3 domain is required for activation of the phagocyte NADPH oxidase. Alanine substitution for Ile 152 in this region, a residue that is completely conserved during evolution, results in a loss of the ability to activate the oxidase; and the replacement of Thr 153 also prevents oxidase activation, but to a lesser extent. In addition, the corresponding isoleucine residue (Ile 155 ) of the p47 phox homologue Noxo1 (Nox organizer 1) participates in the activation of non-phagocytic oxidases, such as Nox1 and Nox3. The I152A substitution in p47 phox , however, does not affect its interaction with p22 phox or with p67 phox . Consistent with this, a mutant p47
phox (I152A), as well as the wild-type protein, is targeted upon cell stimulation to membranes, and membrane recruitment of p67 phox and Rac normally occurs in p47 phox (I152A)-expressing cells. Thus the Ile 152 -containing region of p47 phox plays a crucial role in oxidase activation, probably by functioning at a process after oxidase assembly.
INTRODUCTION
Neutrophils, a member of the group of professional phagocytes, provide a first line of host defence against pathogenic bacteria and fungi [1, 2] . Efficient killing of microbes relies partly on the ability of neutrophils to produce a large amount of superoxide, a precursor of microbicidal oxidants, via assembly and activation of the phagocyte NADPH oxidase [3] [4] [5] [6] [7] [8] [9] [10] . This enzyme is dormant in resting cells, but becomes activated during phagocytosis to reduce molecular oxygen to superoxide in conjunction with NADPH oxidation. The significance of the oxidase in host defence is exemplified by recurrent and life-threatening infections that occur in patients with CGD (chronic granulomatous disease) due to a hereditary defect in the superoxide-producing system of phagocytes [3] [4] [5] [6] [7] [8] [9] [10] . The catalytic core of the phagocyte oxidase is gp91 phox [also known as Nox2 (NADPH oxidase 2)], a membrane-spanning protein that contains a complete electron-transporting apparatus from NADPH to molecular oxygen. It is currently known that gp91
phox is a member of the Nox family of NADPH oxidases; among the seven members of human oxidases, gp91 phox /Nox2 is close to Nox1 and Nox3, and they are both expressed in non-phagocytic cells [3] [4] [5] [6] [7] [8] [9] [10] .
The phagocyte oxidase gp91 phox /Nox2 forms a mutually stabilizing heterodimer with the membrane-integrated protein p22
phox , a complex that is known as flavocytochrome b 558 .
Activation of gp91
phox /Nox2 requires the SH3-domain-containing proteins p47
phox and p67 phox and the small GTPase Rac, all of which exist in the cytosol of resting phagocytes. CGD is caused by a defect in the genes which code for p47 phox and p67 phox , as well as those for gp91 phox and p22 phox [3] [4] [5] [6] [7] [8] [9] [10] . Upon cell stimulation, the cytosolic proteins are targeted to the membrane to assemble with the gp91 phox -p22 phox heterodimer, leading to superoxide production. In this process, p47 phox and p67 phox translocate together [11] [12] [13] [14] , whereas Rac is independently recruited to the membrane [14, 15] . It is considered that, at the membrane, p67
phox forms a complex with Rac [16, 17] and the p67 phox -Rac complex induces a conformational change in gp91 phox /Nox2, which allows electron transport from NADPH to molecular oxygen [18] [19] [20] [21] [22] . p47 phox is a protein of 390 amino acid residues and harbours two SH3 domains, which are arranged in tandem; they simultaneously interact as a unit with a single PRR (proline-rich region) in the Cterminus of p22 phox [23] [24] [25] [26] (see Figure 1) . The bis-SH3 domain is normally masked via an intramolecular association with its C-terminally flanking region, named AIR (autoinhibitory region) ( Figure 1 ) [23, 27, 28] . Upon cell stimulation, p47 phox undergoes phosphorylation on multiple serine residues in the AIR [27] [28] [29] [30] [31] , an event that induces a conformational change of this protein to render the bis-SH3 domain in a state that is accessible to the target p22 phox [25, [31] [32] [33] [34] [35] . The SH3-mediated interaction of p47 phox with p22 phox is required for both membrane recruitment of p47 phox and activation of the phagocyte oxidase [25, 26, [31] [32] [33] [34] [35] . In addition to the bis-SH3 domain, the PX domain (Phox homology domain) in the N-terminus of p47 phox appears to participate in membrane translocation by directly interacting with Abbreviations used: AIR, autoinhibitory region; CGD, chronic granulomatous disease; CHO, Chinese-hamster ovary; GFP, green fluorescent protein; GST, glutathione transferase; HA, haemagglutinin; MBP, maltose-binding protein; Nox1 etc., NADPH oxidase 1 etc; Noxo1, Nox organizer 1; PRR, proline-rich region; PX domain, Phox homology domain; SOD, superoxide dismutase; wt, wild-type. 1 To whom correspondence should be addressed (email hsumi@med.kyushu-u.ac.jp). The domain arrangement of human p47 phox (390 amino acids) is schematically represented: the N-terminal PX domain, the bis-SH3 domain, the AIR and the PRR are shown. The bis-SH3 domain, normally masked via an intramolecular interaction with the AIR, binds to p22 phox upon cell stimulation, whereas the PRR constitutively associates with p67 phox . The amino acid sequences of a region N-terminal to the bis-SH3 domain of p47 phox and Noxo1 from various species are aligned. Chicken, Gallus gallus; frog, Xenopus tropicalis; globefish, Takifugu rubripes; human, Homo sapiens; lancelet, Branchiostoma floridae; mouse, Mus musculus; rat, Rattus norvegicus; zebrafish, Danio rerio.
phospholipids such as phosphoinositides [36] [37] [38] . Membrane recruitment of p67 phox is totally dependent on p47 phox : when p47 phox is absent, p67 phox is not recruited to membranes even in fully stimulated cells [39, 40] . The association of the two proteins is mediated via a tail-to-tail interaction between the C-terminal SH3 domain of p67 phox and the PRR in the C-terminus of p47 phox [12] [13] [14] (Figure 1 ). It is assumed that p47 phox acts solely as an adaptor that tethers p67 phox to the membrane-integrated heterodimer gp91
phox -p22 phox during oxidase assembly. This idea is supported by the finding that, in the presence of excess amounts of p67 phox and Rac, p47 phox is dispensable to the activation of the phagocyte oxidase in a cell-free reconstituted system [40, 41] , although p47 phox is an essential component when the oxidase is reconstituted in intact cells.
Little is known about the role of a region other than the abovementioned modules of p47 phox , although it has been reported that the double substitution of methionine for Val 106 and Thr 153 in rat p47
phox results in a partial loss of activation of the phagocyte oxidase [42] 
EXPERIMENTAL

Plasmid construction
The DNA fragments encoding the following human proteins were prepared as described previously [25, 32, 35] : full-length p47 phox (p47-F; amino acid residues 1-390), p47-(1-286), p47-(151-286), and p47-(154-286) (the values in parentheses indicate the amino acid residues present in each construct), Noxo1, p67 phox , Noxa1, full-length p22 phox (amino acid residues 1-195), the Cterminal region of p22 phox (p22-C; amino acid residues 132-195), Rac1, gp91 phox /Nox2, Nox1 and Nox3. Mutations causing the indicated amino acid substitutions in p47 phox and Noxo1 were introduced by PCR-mediated site-directed mutagenesis. The cDNAs were ligated into the following expression vectors: pGEX-6P (GE Healthcare) for expression of proteins fused to GST (glutathione transferase) in Escherichia coli; pMAL-c2 (New England Biolabs) for bacterial expression of proteins fused to MBP (maltose-binding protein); pProEX-HTb (Invitrogen) for bacterial expression of His-tagged proteins; pcDNA3 (Invitrogen) for expression of Nox proteins in mammalian cells; pEF-BOS [43] for expression of HA (haemagglutinin)-or Myc-tagged proteins in mammalian cells [44] [45] [46] ; and pEGFP-C1 (Clontech) for expression as an N-terminally GFP (green fluorescent protein)-tagged protein in mammalian cells. All of the constructs were DNA sequenced for confirmation of their identities.
In vitro pull-down binding assays using purified proteins
GST-p47-(1-286), GST-p47-(151-286) and GST-p47-(154-286) were purified using glutathione-Sepharose 4B (GE Healthcare) and MBP-p22-C was purified using amylose resin (New England Biolabs), following the manufacturer's protocol in each case. For in vitro pull-down binding assays, a pair of a GST-tagged protein (100 pmol) and an MBP-fusion protein (200 pmol) was mixed with 400 μl of PBS (1.5 mM KH 2 PO 4 , pH 7.4, 137 mM NaCl, 2.7 mM KCl and 8.1 mM Na 2 HPO 4 ) containing 10 mM dithiothreitol and incubated for 30 min at 4
• C. To pull down a GST-fusion protein, a slurry of glutathioneSepharose 4B beads was added to the mixture, followed by a further incubation for 30 min at 4
• C. After washing four times with PBS containing 0.5 % Triton X-100 and 10 mM dithiothreitol, the GST-fusion protein and its interacting proteins were eluted from glutathione-Sepharose 4B beads by 10 mM glutathione in 100 mM Tris/HCl (pH 8.0) and 200 mM NaCl. The eluates were subjected to SDS/PAGE, followed by protein staining using CBB (Coomassie Brilliant Blue).
In vivo interaction between p47
phox and p67 phox COS-7 cells were transfected using Lipofectamine TM (Invitrogen) with a pEF-BOS vector encoding HA-tagged p67 phox (wt) (where wt is wild-type) or mutant p47 phox (I152A) and pEF-BOS-Mycp67
phox . Transfected cells were cultured for 36 h and lysed with a buffer composed of 20 mM Hepes (pH 7.4), 1 % Nonidet P40, 142.5 mM NaCl, 2 mM EDTA, 10 % (v/v) glycerol, leupeptin (40 μg/ml), aprotinin (10 μg/ml) and 2 mM PMSF. Proteins in the lysate were precipitated with Protein G-Sepharose using an anti-HA monoclonal antibody (16B12; Covance). The precipitants were analysed by immunoblot with anti-HA or anti-Myc polyclonal antibodies (both from Santa Cruz Biotechnology). The blots were developed using ECL ® -Plus (GE Healthcare Biosciences) for visualization of the antibodies, as previously described [44] [45] [46] .
Cell-free activation of the phagocyte NADPH oxidase
The membrane fraction of human neutrophils was prepared as previously described [16, 25, 27] . The membranes (6.0 μg/ml) were mixed with GST-fused wt or mutant p47 phox protein at the indicated concentration, 100 nM GST-fused full-length p67 phox , and 300 nM His-tagged Rac1 carrying the Q61L substitution, which was purified by His Bind resin (Novagen). The mixture was incubated with 100 μM SDS for 2.5 min at 25
• C in 100 mM potassium phosphate (pH 7.0) containing 75 μM cytochrome c, 1.0 mM FAD, 1.0 mM EGTA, 1.0 mM MgCl 2 , 100 μM GTP[S], and 1.0 mM NaN 3 , and the reaction was initiated by the addition of 1.0 mM NADPH. The NADPH-dependent superoxide-producing activity was measured by determining the rate of SOD (superoxide dismutase)-inhibitable ferricytochrome c reduction at 550-540 nm using a Hitachi 557 dual-wavelength spectrophotometer [16, 25, 27] . The superoxide-producing activity was represented as mol of superoxide produced/s per mol of cytochrome b 558 haem; the haem content was calculated from the reduced-minus-oxidized absorption at 558 nm [47] .
Activation of the phagocyte NADPH oxidase gp91
phox in K562 cells
K562 cells stably expressing gp91
phox and p67
phox cells) were prepared as previously described [13, 27, 44] .
K562-gp91
phox /p67 phox cells were transfected with pEF-BOS-HA-p47 phox (wt), pEF-BOS-HA-p47 phox (I152A), pEF-BOS-HANoxo1 (wt) or pEF-BOS-HA-Noxo1 (I155A) by electroporation. The cells (2 × 10 7 cells/ml) were electroporated in the presence of 30 μg of the plasmids at 170 V and 1070 μF using a Gene Pulser (Bio-Rad), followed by culture for 48 h at 37
The superoxide-producing activity of the transfected cells was determined by SOD-inhibitable chemiluminescence with an enhancer-containing luminol-based detection system (DIO-GENES; National Diagnostics), as previously described [44] [45] [46] . After the addition of the enhanced luminol-based substrate DIOGENES, cells (10 6 cells/ml) were stimulated with 200 ng/ml PMA. The chemiluminescence was assayed at 37
• C using a luminometer (Auto Lumat LB953; EG&G Berthold).
Translocation of p47
phox , p67 phox and Rac to the membrane fraction of K562 cells
To investigate the translocation of p47
phox to the membrane fraction, we prepared K562-gp91 phox /p67 phox cells that stably expressed HA-p47 phox (wt) or HA-p47 phox (I152A) using lentiviral transduction. Briefly, the lentivirus encoding HA-p47 phox (wt) or HA-p47 phox (I152A) were constructed using the ViraPower TM lentiviral expression system (Invitrogen), according to the manufacturer's instructions. K562-gp91 phox /p67 phox cells were mixed with the viral particles containing 6 μg/ml polybrane, followed by incubation for 6 h. After transduction, stable transformants were selected in the presence of 3 μg/ml blasticidin.
Membrane translocation of cytosolic oxidase factors was determined as previously described [14, 46] . Briefly, K562-gp91 phox /p67 phox cells stably expressing HA-p47 phox (wt) or HAp47 phox (I152A) were stimulated for 10 min at 37
• C with PMA (200 ng/ml). The incubation was terminated by the addition of ice-cold PBS. The cells (5.0 × 10 7 cells) were resuspended in 1.0 ml of a buffer composed of 20 mM Hepes (pH 7.0), 75 mM NaCl, 170 mM sucrose, 1 mM MgCl 2 , 0.5 mM EGTA, 10 μM ATP, 2 mM NaN 3 , 5 μM GTP[S] and 100 μg/ml p-amidinophenyl methanesulfonyl fluoride hydrochloride. The cell lysate (1.0 ml), obtained by sonication, was layered on to a discontinuous sucrose gradient consisting of 2.0 ml of 40 % (w/v) sucrose and 1.5 ml of 15 % (w/v) sucrose with 1 mM MgCl 2 , 40 mM NaCl and 0.5 mM EGTA. After ultracentrifugation for 1 h at 45 000 rev./min (Hitachi S52ST rotor), the layer between the 15 % and 40 % sucrose fractions was collected and used as the membrane fraction. Membrane-associated proteins (equivalent to 10 6 cells) and proteins in the cytosol (equivalent to 5 × 10 4 cells) were analysed by immunoblotting with anti-HA (Covance), anti-p67 phox (Upstate), anti-Rac (Santa Cruz Biotechnology) and anti-p22 phox (Santa Cruz Biotechnology) antibodies and developed using ECL ® -Plus.
Translocation of p47 phox to membranes in neutrophils
Transfection of human neutrophils with pEGFP-C1-p47 phox (wt) or pEGFP-C1-p47 phox (I152A) was performed using the Nucleofector TM apparatus (Amaxa). The detail of the method will be published elsewhere (for details of the method please contact the corresponding author). Cells on 35-mm-diameter glass-bottomed dishes (MatTek) were incubated with or without PMA (200 ng/ml) for 10 min at 37
• C in Hepes-buffered saline [17 mM Hepes (pH 7.4), 120 mM NaCl, 5 mM KCl, 5 mM glucose, 1 mM MgCl 2 and 1 mM CaCl 2 ] and fixed for 30 min at 25
• C in 1.2% (w/v) formaldehyde, permeabilized in 0.1 % Triton X-100 and blocked with 3 % (w/v) BSA. The sample was subsequently incubated with the monoclonal antibody 7D5 (a gift from Professor Michio Nakamura, Department of Host-Defense Biochemistry, Institute of Tropical Diseases, Nagasaki University, Nagasaki, Japan), which recognizes gp91 phox functionally complexed with p22
phox [48] , and probed with Alexa Fluor ® 594-labelled goat anti-mouse IgG antibody (Invitrogen) as a secondary antibody. Images were visualized using a LSM510 laser-scanning confocal microscope (Carl Zeiss).
Activation of Nox1-3 in CHO (Chinese-hamster ovary) and COS-7 cells
Experiments for the activation of Nox1-3 in CHO and COS-7 cells were performed as previously described [44] [45] [46] 49] . CHO cells were transfected using FuGENE TM 6 (Roche) with the following plasmids: pcDNA3-Nox1, pcDNA3-gp91 phox /Nox2 or pcDNA3-Nox3; pEF-BOS-HA-p47 phox (wt), pEF-BOS-HAp47 phox (I152A), pEF-BOS-HA-Noxo1 (wt) or pEF-BOS-HA-Noxo1 (I155A); pEF-BOS-Myc-p67 phox or pEF-BOS-MycNoxa1; and pEF-BOS-p22
phox . COS-7 cells were transfected using Lipofectamine TM (Invitrogen) with pcDNA3-Nox3 and pEF-BOS-HA-p47 phox (wt), pEF-BOS-HA-p47 phox (I152A), pEF-BOS-HA-Noxo1 (wt) or pEF-BOS-HA-Noxo1 (I155A). Transfected cells (8 × 10 5 cells) were incubated for 5 min at 37
• C and then stimulated with PMA (200 ng/ml). Superoxide production by the cells was determined by SOD-inhibitable chemiluminescence with DIOGENES as described above.
RESULTS
Role of Thr
153 of p47 phox in the activation of the phagocyte NADPH oxidase
It has been reported previously that the ability of rat p47 phox to support superoxide production by the phagocyte NADPH oxidase is significantly attenuated by the double substitution of methionine for Val 106 and Thr 153 [42] . Although Val 106 is replaced by a threonine residue in human p47 phox , Thr 153 is conserved between the two species (Figure 1) . To determine the individual roles of Thr 106 and Thr 153 in human p47 phox , we prepared mutant proteins in which either or both threonine residues were replaced by methionine ( Figure 2A ). As shown in Figure 2(B) , a p47 phox protein carrying the T153M substitution as well as one with the double mutation (T106M/T153M) was half as active as the wt protein in activating the phagocyte oxidase in a cell-free system, suggestive of a role for Thr 153 . On the other hand, the single replacement of Thr 106 (T106M) did not affect superoxide production, indicating that this residue is not involved in oxidase activation.
Essentially the same results were obtained in a whole-cell system using K562-gp91 phox /p67 phox cells that lack p47 phox but contain the other essential components of the phagocyte oxidase [13, 27, 44] . When cells ectopically expressing p47 phox (T153M) was stimulated with PMA, an agent that fully activates the oxidase at the cellular level, they produced superoxide, but to a lesser extent than cells that express p47 phox (wt) ( Figure 2C ). On the other hand, p47
phox (T106M) is as active as the wt protein ( Figure 2C ). Thus Thr 153 of p47 phox probably contributes to oxidase activation.
Role for a region N-terminal to the tandem SH3 domain of p47 phox in the activation of the phagocyte NADPH oxidase
Thr 153 is adjacent to the N-terminal SH3 domain of amino acids 155-215, and its surrounding sequence is well conserved among various species (Figure 1) . To investigate the role of the conserved stretch of amino acids (Asp/Glu-Ile-Thr/Ser-Gly, amino acids 151-154), we tested the activity of p47 phox -(151-286) and p47 phox -(154-286) in a cell-free activation system of the phagocyte NADPH oxidase: the former comprises the stretch and the two SH3 domains, whereas the latter contains solely the tandem SH3 domain. Intriguingly, p47
phox -(151-286) supported production of a considerable amount of superoxide in the presence of p67 phox and Rac ( Figure 3A) , although the activity is about one-fourth of that of full-length p47 phox ( Figure 2B ). The finding is consistent with the following observations; the phagocyte oxidase is efficiently activated in vitro by a tripartite chimaeric protein consisting of p47 phox -(151-286), p67 phox and Rac [21] ; and p47 phox -(151-286) enhanced superoxide production in a cell-free activation system reconstituted with a p67 phox -Rac fusion protein [50] . In contrast to p47 phox -(151-286), p47 phox -(154-286) failed to activate the oxidase ( Figure 3A) . Thus the conserved stretch probably plays an important role in oxidase activation.
To determine the relative contribution of each individual residue, we prepared mutant proteins carrying the substitution of alanine for one of the residues and tested their ability to activate the oxidase. As shown in Figure 3 phox (amino acids 151-286), containing the wt sequence or carrying the D151A, I152A, T153A, T153M or G154A mutations, was purified and subjected to SDS/PAGE, followed by staining with CBB (Coomassie Brilliant Blue). Molecular masses (MW) are indicated on the left-hand side in kDa (kD) (upper panel). These proteins (100 nM) were tested in a cell-free oxidase activation system, and the NADPH-dependent superoxide-producing activity was represented by the rate of SOD-inhibitable cytochrome c reduction, as described in the (amino acids 1-390), containing the wt sequence or carrying the I152A, T153A and T153M mutation, was purified and subjected to SDS/PAGE, followed by staining with CBB (left-hand panel). These proteins at the indicated concentration were tested in a cell-free oxidase activation system, as described in the Experimental section. Results are means, with the S.D.<5% for each result (n = 3).
capable of activating the oxidase fully ( Figure 3A) . To confirm the role of Ile 152 and Thr 153 in a cell-free system, we prepared fulllength p47
phox containing the substitution of alanine for Ile 152 or Thr 153 , and found that both substitutions lead to a loss of activity: p47 phox (I152A) is less active than p47 phox (T153A) ( Figure 3B ). We also tested the ability of p47 phox (I152A) to activate the phagocyte oxidase in a whole-cell system. As shown in Figure 2(C phox , we performed GST pull-down assays using purified mutant proteins. As shown in Figure 4(A), p47 phox -(154-286) bound to p22 phox to the same extent as p47 phox -(151-286), indicating that amino acids 151-153 are not involved in the interaction with p22
phox . Consistent with this finding, alanine substitution for any residue in this region of p47 phox did not affect the interaction with p22 phox (Figures 4A and 4B) . To investigate the effect of the I152A substitution on p47 phox interaction with p67 phox , we co-expressed p47 phox (wt) or p47 phox (I152A) with p67 phox in COS-7 cells. As shown in Figure 4 (C), p67
phox was equally co-precipitated with p47 phox (wt) and with p47 phox (I152A). Thus Ile 152 appears to be dispensable not only to the interaction with p22
phox , but also to that with p67 phox .
Role of Ile 152 of p47 phox in translocation to membranes
Upon cell stimulation, p47 phox translocates from the cytosol to membranes, an event that requires the interaction with p22 phox and plays an essential role in activation of the phagocyte NADPH oxidase [32] [33] [34] . To test the role of Ile 152 , we stably expressed p47 phox (wt) or p47
phox /p67 phox cells. In response to PMA, p47 phox (I152A) migrated to the membrane fraction (which was prepared by ultracentrifugation) as well as the wt protein ( Figure 5 ). This is consistent with the observation that a mutant p47 phox with the I152A substitution is capable of fully binding to p22 phox (Figure 4 ).
It is known that p47
phox is required for the membrane recruitment of p67 phox [15, 39] , whereas the small GTPase Rac translocates to membranes independently of p47 phox and p67 phox [15] . In p47 phox (I152A)-expressing cells, p67 phox was recruited upon PMA stimulation to the membrane fraction to an extent that is similar to that observed in p47 phox (wt)-expressing cells ( Figure 5 ), which agrees with the finding that the I152A substitution does not affect the interaction of p47 phox with p67 phox ( Figure 4C ). In addition, as expected, the membrane translocation of Rac also occurred normally in p47 phox (I152A)-expressing cells. We also tested the effect of the I152A substitution in the translocation of p47 phox by microscopic analysis. As shown in Figure 6 , GFP-p47 phox (wt) localized to cell peripheral membranes, where gp91 phox existed, in PMA-stimulated neutrophils, but not in unstimulated cells. GFP-p47 phox (I152A), but not GFP alone, displayed similar localization, albeit to a slightly lesser extent. Taken together with the results obtained by biochemical analysis using ultracentrifugation, Ile 152 does not play a major role in the membrane translocation of p47 phox in PMA-stimulated cells.
Role of Ile 155 of Noxo1 in the activation of gp91 phox /Nox2 and Nox1
Noxo1, a non-phagocytic protein homologous to p47 phox , is capable of activating gp91 phox /Nox2 [44] , and plays a major role, together with the p67 phox homologue Noxa1, in the activation of Nox1, an oxidase which is abundantly expressed in colon epithelial cells and vascular smooth muscle cells [44, [51] [52] [53] [54] . In a region N-terminal to the tandem SH3 domain of Noxo1, an isoleucine residue (Ile 155 in human Noxo1), corresponding to Ile 152 in human p47 phox , is evolutionarily conserved (Figure 1 ). Its surrounding sequence, however, is relatively diverse (Figure 1) . To investigate the role of the invariant isoleucine in Noxo1, we expressed Noxo1 (wt) and a mutant Noxo1 carrying the I155A substitution in p47 phox -deficient K562-gp91 phox /p67 phox cells. As shown in Figure 7 (A), Noxo1 (I155A) failed to activate gp91 phox /Nox2 under the conditions where the wt protein was fully active. When Nox2-based oxidase is reconstituted with Noxo1 and p67 phox in CHO cells, the I155A substitution led to impaired production of superoxide ( Figure 7B ). We next investigated the role of the conserved isoleucine residue in the activation of Nox1, an oxidase that is efficiently activated by Noxo1 together with Noxa1, but not by p47 phox [49] . As shown in Figure 7 (C), Noxo1 (I155A) supported superoxide production by Nox1, but to a much lesser extent than wt Noxo1. Thus Ile 155 of Noxo1 probably plays a significant role in the activation of Nox1 as well as gp91 phox /Nox2.
Role of Ile 152 of p47 phox and Ile 155 of Noxo1 in Nox3 activation
We finally tested whether the activation of Nox3, another nonphagocytic oxidase, also involves the conserved isoleucine residue in a region N-terminal to the tandem SH3 domain of p47 phox and Noxo1. Although Nox3 is able to produce superoxide even in the absence of regulatory proteins, such as p47 phox , Noxo1, p67 phox and Noxa1, the production is significantly enhanced by p47 phox or by Noxo1 even in the absence of both p67 phox and Noxa1; the enhancement by p47
phox , but not that by Noxo1, is further increased by the treatment of cells with PMA [45, 49, [55] [56] [57] . As shown in Figure 8(A), p47 phox (I152A), as well as p47 phox (wt), only slightly facilitated superoxide production by Nox3 without cell stimulants. When stimulated with PMA, p47 phox (wt)-expressing cells produced superoxide at a level twice more than p47 phoxdeficient cells, whereas p47 phox (I152A) only slightly enhanced superoxide production ( Figure 8A ). Similarly, Noxo1 (I155A) was less effective in enhancing Nox3 activation than Noxo1 (wt) ( Figure 8B ). Taken together, both Ile 152 of p47 phox and Ile 155 of Noxo1 are involved in the activation of Nox3.
DISCUSSION
In the present study, we show that the activation of the phagocyte NADPH oxidase requires a short region N-terminal to the tandem SH3 domain of p47 phox . Although p47 phox -(151-286) is capable of activating the oxidase, deletion of the region of amino acid residues 151-153 abrogates superoxide production in a cell-free oxidase activation system (Figure 3 ). The abrogation is not due to a loss of function of the bis-SH3 domain, because p47
phox -(154-286) fully binds to p22 phox ( Figure 4 ). In this region, Ile 152 appears to play a major role, as the replacement of this residue by alanine results in an almost complete loss of oxidase activation under both cell-free and whole-cell conditions (Figures 2 and 3) . Thr 153 is also involved, as indicated by the finding that alanine substitution of this residue also prevents oxidase activation, but to a lesser extent than Ile 152 (Figure 3 ). Thus the Ile 152 -containing region is probably required for the activation of the phagocyte NADPH oxidase. This explains the previous finding that oxidase activation is drastically inhibited by two p47 phox -derived pentadecapeptides containing a region on the N-terminal boundary of the bis-SH3 domain (amino acids 145-159 and 149-163) under cell-free conditions [58] . Figure 4) ; these interactions are crucial for the membrane translocation of p47 phox and p67 phox , a process that is required for the activation of the phagocyte NADPH oxidase. Consistent with these observations, a mutant p47 phox (I152A) as well as the wt protein translocates to membranes upon cell stimulation with PMA, an oxidase activator at the cellular level. In addition, membrane translocation of p67 phox and Rac also occurs normally in p47 phox (I152A)-expressing cells (Figures 5  and 6 ). Hence the Ile 152 -containing region appears to function in a process that occurs after membrane translocation.
It is considered that, at the membrane, p67 phox and Rac form a complex to directly interact with gp91 phox /Nox2, the catalytic core of the phagocyte oxidase, whereas p47 phox is supposed to serve solely as an adaptor to tether p67 phox to p22 phox , the partner of gp91 phox /Nox2 [20, 21, 40, 41] . However, Ile 152 of p47 phox is not involved in the link between p67 phox and p22 phox at the membrane, but functions after oxidase assembly, as shown in the present study ( Figures 5 and 6 ). In addition, Ile 152 participates in p47 phoxmediated activation of Nox3 in the absence of p67 phox (Figure 8 ), suggesting that Ile 152 probably functions independently of p67 phox , possibly by directly interacting with Nox3. It is thus tempting to postulate that the Ile 152 -containing region of p47 phox also interacts with gp91
phox /Nox2 in a direct manner. This possibility should be tested in future studies.
Ile 152 is completely conserved among all known p47 phox proteins, which agrees with the significance of this residue. The protein p47
phox can be defined as one containing the N-terminal PX domain, bis-SH3 domain, AIR and the C-terminal PRR, and proteins that satisfy this criteria are found only in the phylum Chordata of the animal kingdom [10] , which comprises the subphyla Vertebrata, Urochordata and Cephalochordata. Although p47 phox has not been thus far identified in the Urochordata, it exists in the lancelet Branchiostoma floridae of the Cephalochordata, i.e. the basal group of the Chordata [10] . The isoleucine residue is conserved not only in p47
phox , but also in Noxo1 (Figure 1 ). (Figure 2 ). This threonine is replaced by a serine residue in some species, such as the globefish Takifugu rupripes and the lancelet (Figure 1 ), suggestive of a role of the hydroxyl group of the residues. On the other hand, Asp 151 in human p47 phox does not seem to be directly involved in oxidase activation (Figure 3 ), although this acidic residue is well conserved. Substitution of alanine for Gly 154 does not affect the ability to bind to p22 phox ( Figure 4) and to activate the phagocyte oxidase (Figure 3) , which is consistent with the fact that this position is occupied by alanine in p47 phox of the lancelet B. floridae (Figure 1) .
In summary, in the present study we have identified a short region N-terminal to the bis-SH3 domain as a novel functional part of p47 phox . Ile 152 in this region is evolutionarily conserved and probably functions in a process after oxidase assembly.
